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proto-oncogenes, apoptosis-regulatory proteins, cytokines, among others, and it can alter the 67 cellular response to proliferative, 3,4 stress, 5-9 apoptotic, 9-12 angiogenesis, 13 differentiation, 14, 15 68 senescence, 4,16 inflammatory, 17 and immune stimuli.
18-20 Overexpression of HuR impairs those 69
HuR-governed gene expression programs with consequences in diseases such as chronic 70 inflammation, cardiovascular pathologies and cancer (for a review, see ref.
21). 71
A c c e p t e d M a n u s c r i p t 7 with RRM3 being easily removed from the HuR core by a caspase-mediated cleavage, which is a 143 regulatory event that enhances the apoptotic response. 11, 12 144 Solution structure of HuR RRM3 145
We have assigned the backbone and 13 C β resonances of HuR RRM3 (Figure 2A ) except 146 for the segment from W261 to T271. The signals of these residues were not observed in the 147 spectra, probably due to conformational exchange events with unfavorable kinetics for NMR 148 observation. The NMR samples used were of sufficient quality to measure triple resonance 149 experiments for backbone resonance assignments, however, we observed that increasing the 150 concentration of the samples, as necessary for the measurement of a large number of reliable 151
NOEs, caused a broadening of the signals that dramatically limited the sensitivity of the NMR 152 measurements. Therefore, we built the structure of the RRM3 molecule with the CS23D server, 153 which uses the chemical shifts as restraints and models the non-observed residues based on a 154 database of protein structure fragments ( Figure 2B ). 55 The structure shows the conserved RRM 155 fold with two -helices packed against four anti-parallel β-strands with the canonical 156 Figure 2B also shows how the side-chain 157 of S318 at the  4 strand is exposed to solvent, which is consistent with its accessibility to Protein 158 Kinase C  (PKC) to become phosphorylated. 159
Dimerization of HuR RRM3 160
The broadening of the NMR signals of RRM3 with increasing concentrations point to a 161 possible oligomerization of this domain. However, the low ionic strength of the NMR 162 measurements barely shields the charges of ionizable groups, favoring the repulsion between 163 RRM3 domains, so it shifts the self-association equilibrium towards the monomeric state, as 164 inferred from fluorescence assays (see Supplementary Material for more details; Figure S2 ). 165
Still, the missing NMR signals in the region W261-T271 may be a related phenomenon with theA c c e p t e d M a n u s c r i p t 8 RRM3 oligomerization. Notably, the oligomerization of ELAV -a homologue to HuR in 167 Drosophila -requires its RRM3 domain. 51 Moreover, W419 in ELAV (the residue corresponding 168 to W261 in HuR) seems to be essential for ELAV oligomerization. Thus, we hypothesized that 169 the W261-T271 stretch forms a dimerization epitope that involves the C-terminal end of helix  1 . 170
To test this hypothesis the formation of HuR RRM3 multimers was investigated by 171 analytical ultracentrifugation (AU). AU experiments recorded on RRM3 ( Figure 3A and 3B) 172 determine that the apparent molecular weight is ca. 19.2 kDa, which is higher than the expected 173 value for a monomer (14.3 kDa). The best fit of the measurements was to an exchange model 174 between monomeric and dimeric species, with an association constant K A of 1.8 x 10 4 M -1 . Then, 175 about 70 % of HuR RRM3 is in the monomeric form at protein concentrations used in the AU 176 assays. In addition, a small fraction of the protein (5 %) tends to form aggregates with a 177 molecular weight of ca. 79.8 kDa ( Figure 3B Figure 2A ). This 182 observation is consistent with a monomer-dimer exchange through the W261-T271 region. 183
To confirm that W261 is involved in the dimerization process, we designed and analyzed 184 the RRM3 W261E mutant, which is expected to destabilize by the introduction of repulsive 185 forces between negatively charged residues at the dimer interface. Under same conditions as used 186 for the wild-type (WT) protein, sedimentation velocity experiments yielded a molecular weight of 187 14.1 kDa for this mutant, in agreement with the theoretical mass of the monomer (14.2 kDa). 188
Some degree of aggregation could still be observed as a minor peak with a molecular weight of 189 70.6 kDa, similar as for the WT protein ( Figure 3C) . W261, the interface involves residues from G268 to V273 in one monomer, and D256 to P266 in 234 the other, so matching the region for which NMR signals are not observed. 235
Then, we simulated two additional MD trajectories for two conformations A and B of the 236 W261E mutant but using the final dimer conformations reckoned for the WT species ( Figure 4C ). 237
Notably, the structure of conformation A remains unaffected by the mutation along a 30 ns The residues with the largest perturbations upon RNA addition indicate that the RNA binds 253 to the RRM3 canonical RNA-binding platform, which comprises aromatic residues mainly 254 localized at  1 and  3 , the central strands in the sheet (Figures 5B and 5D ). In titrations of the 255 proteins with both RNAs, 57,58 the largest perturbations occurred in the backbone amides of 256 residues F287 to M292 (at the  3 -strand in RNP1) and F247-L251 (at the  1 -strand of RNP2). 257
Interestingly, the protein platform with which HuR RRM3 binds to 5´-UUUUU-3´ RNA is 258 extended to the whole -sheet, with residues at both the  2 and  4 strands experiencing relatively 259 large chemical-shift perturbations (Δδ avg > 0.075 ppm; Figure 5B and Supplemental Figure S5) . 260
In addition to perturbations in the chemical shifts, some RRM3 signals at the protein-nucleic acid 261 interface broadened beyond the detection limit independently of the RNA oligonucleotide used. 262 previously reported, as in the Nup35 protein. 63 In contrast, the RRM modules of the splicing 312 factor Pub60 form a dimeric interface driven by electrostatic interactions involving a flexible 313 loop. 64 Interestingly enough is the crystallographic structure of HuR RRM1 motif, which reveals 314 a tetramer assembled through helices  1 and  2 to form the so-called dimer conformations A and 315 B used as templates for MD simulations on HuR RRM3. 56 316 Multimerization of HuR protein is then dependent on RRM3 motif and more specifically 317 on its well-conserved W261. 51 In fact, the whole W261-T271 stretch is highly conserved among 318
Hu proteins as it was described in earlier studies 25 . Our structural studies on HuR RRM3 also 319 demonstrate that the monomer/dimer exchange of HuR RRM3 takes place even in absence of 320 RNA, in contrast to previous reports suggesting that RNA promotes HuR FL multimerization. oligonucleotides. In addition, we found out that the HuR RRM3 protein platform that interacts 333 with 5´-UUUUU-3´ RNA includes perturbed residues at  2 and  4 strands so as to involve theA c c e p t e d M a n u s c r i p t 15 whole -sheet, which suggest a preference of RRM3 by U-rich stretches, as was further 335 confirmed by CD. Then, HuR RRM3 might experience a sliding motion on the U-rich 25-mer 336 RNA surface, but not with AUUUA-containing RNA molecules. There differences in affinity 337 were already observed for the heterogeneous nuclear RiboNucleoprotein C protein (hnRNP1) 67 338 and HuR FL. 68, 69 Later, it has been demonstrated that HuR FL recognizes U-rich mRNAs and 339 that the substitution of U by A or C decreases the HuR binding affinity, whereas an exchange by 340 G has a drastic effect on the interaction. 46 Meriting particular interest, the RRM3-containing 341 cleavage product specifically binds ARE1 of caspase-9 mRNA, which lacks of 5´-AUUUA-3´ 342 sequences but it contains a U-rich region. RRM12 tandem-construct containing the two N-terminal RRM1 and RRM2 modules along with 367 the 6×His-tag was used as previously described. 54 The RRM3 domain comprises the amino acid 368 sequence from W244 to K326, which was cloned into the pETM-11 vector using EcoRI and NotI 369 restriction sites. Further site-directed mutagenesis was performed on the gene coding RRM3 WT 370 to replace the S318 by an alanine (RRM3 S318A) or an aspartate (RRM3 S318D) so as to mimic 371 the phosphorylation of HuR at S318. The mutant replacing W261 by glutamic acid (RRM3 372 W261E) was obtained by similar means. 373
Protein Expression and Purification of HuR Constructs 374
Recombinant proteins were expressed in Escherichia coli BL21 (DE3) strain as follows. rotor. 80 μl samples at ~27 μM HuR RRM3 were examined in 10 mM phosphate, 50 mM NaCl, 420 0.02 % NaN 3 , 3 mM DTT, pH 7.3, at three successive speeds (18,500; 22,000 and 32,000 rpm) 421 and absorbance was measured at 280 nm at 12 and 48 h to assess that the equilibrium condition 422 was reached. Base-line signals were determined taking a radial scan at 18,500 rpm, after running 423 the samples 8 h at 45,000 rpm. Mass conservation within the cell was checked in all the 424 experiments. The apparent weight-averaged molecular weights were obtained by fitting 425
individual data sets to a sedimentation equilibrium model for single species, using the program 426
HeteroAnalysis. 74 The equilibrium dimerization constant, K2, were calculated by fitting the 427 experimental data to a monomer/dimer sedimentation equilibrium model constraining the 428 monomer molecular mass to 14,342 Da. Sedimentation velocity experiments were performed atA c c e p t e d M a n u s c r i p t 19 45,000 rpm and 20 °C with 400-μl samples loaded into double sector cells, using the buffer and 430 protein concentrations employed in equilibrium experiments. Radial scans at 280 nm were taken 431 every 10 min and the sedimentation coefficient distribution was calculated by least squares 432 boundary modeling of the sedimentation velocity data using the program SEDFIT. 75 The 433 experimental coefficients were converted to standard conditions (s20,w). The partial specific 434 volume of HuR RRM3 (0.728 gL -1 ), calculated from the amino acid composition, and the buffer 435 density and viscosity were determined with the SEDNTERP program. 
Molecular Dynamics Simulations 449
MD computations were performed using the AMBER 9 package 78 and using the AMBER-2003 450 force field. 79 The NMR-derived coordinates of RRM3 domain in this work was used as the 451 starting structures. To model the RRM3 dimer, the structure was aligned against two of the four 452 monomers in the HuR RRM1 structure (pdb code 3hi9). 56 Simulations were carried out under 453 
